Introduction
============

Photosensitive liquid crystals are promising materials that can combine a high refractive index modulation, typical of liquid crystals, with high photosensitivity, due to the presence of photochromic molecules such as azobenzene and derivates. Photoinduced gratings based on azo dye doped nematic liquid crystals have attracted great interests due to their promising applications in display technology, optical storage, optical limiting and nonlinear optical devices.^[@r01]--[@r15])^ Disperse Red 1 (DR1), a kind of push-pull azo dye^[@r08],[@r09])^ doped liquid crystals are regarded as one of the most promising materials for its application in dynamic holographic display because of its fast response time of few milliseconds and no need for external electric field.^[@r10]--[@r12])^ However, the lower diffraction efficiency is not beneficial to the development and its practical application. The azo dye molecules can undergo a reversible *trans-cis-trans* photoisomerization under irradiation with light of an appropriate wavelength and the molecular geometrical change during this photoisomerization process can lead to the photoinduced anisotropy of azo chromophores, which exert intermolecular torques to align liquid crystals perpendicular to the polarization of incident light.^[@r10]--[@r23])^ The reorientation of liquid crystals caused by photoisomerization process of azo dye molecules plays an important role in the refractive index modulation of photoinduced grating. On the other hand, the temperature effect on the refractive indices of liquid crystals has to be considered for its application, as the liquid crystal performance is closely related with temperature especially near the phase transition temperature.^[@r24]--[@r28])^ The orientation of nematic liquid crystals is altered by thermal expansion which causes the nematic liquid crystal to flow and imposes a realigning torque on the nematic liquid crystal molecules and the optic axis.^[@r24])^ Lucchetti *et al.* and Ramos-Garcia *et al.* observed a critical enhancement of the nonlinear optical response of dye-doped liquid crystals by approaching the clearing point in liquid crystal cell with no surface treatment.^[@r26],[@r27])^ Liquid crystal cell with alignment treatment is a prerequisite for a vast number of basic studies of material properties of liquid crystals.^[@r29],[@r30])^ In this paper, we report the diffraction enhancement of photoinduced gratings in DR1 doped nematic liquid crystals near the nematic-isotropic phase transition temperature with homogeneous alignment. A peak shift of diffraction efficiency towards the lower temperature can be observed with an increasing of recording light intensity.

Materials and methods
=====================

The liquid crystals used were pentylcyanobiphenyl (5CB) doped with traces of DR1 molecules at a concentration of about 1 wt. %. The mixture was magnetically stirred at room temperature in the dark until the DR1 was dissolved. The homogenous mixture was injected into an empty cell by a capillary. The sample was then sandwiched between two indium-tin oxides (ITO) glass substrates with 50 µm thick spacers. The two ITO glass substrates were precoated with polyvinyl alcohol (PVA) and rubbed in the same direction to obtain homogeneous alignment which was confirmed by polarizing microscope. The absorption spectrum of the sample at room temperature (27 ℃) is shown in Fig. [1](#fig01){ref-type="fig"}. It was measured using the spectrophotometer equipped with a polarizer before the sample. The polarization direction of the probe light was parallel to the rubbing direction. The result of differential scanning calorimetry (DSC) showed that the clearing point of the sample was 35.08 ℃ near the one of 5CB (35.5 ℃).

Figure [2](#fig02){ref-type="fig"}(a) illustrates the experimental setup for investigating the temperature-dependent diffraction of photoinduced grating. Two s-polarized recording beams with the same diameter of 2 mm were derived from a CW Nd:YAG laser (λ = 532 nm), intersected at an incident angle of ∼3°. These two beams had equal-intensities and were overlapped on the sample. A linearly s-polarized 5 mW He-Ne laser was normally incident on the sample as a probe beam. The sample was then placed in a temperature-controlled chamber with glass window to enable the recording beams transmitted. The heating rate of the chamber was precisely controlled at 0.5 ℃/s by a temperature controller (HCS302, Instec Co.). The rubbing direction of the sample was parallel to the polarization direction of the recording beam. The intensities of the first-order diffraction with temperature variation were simultaneously detected by a photodetector and recorded by a digitizing storage oscilloscope (Tektronix DPO2014).

The photochemical processes occurred in DR1 doped liquid crystals were investigated with He-Ne laser at 632.8 nm as the probing light, which is far from the absorption band of the sample, and CW Nd:YAG laser at 532 nm with intensity of 260 mW/cm^2^ as the pumping light. The sample was placed between two crossed polarizers in the path of the probe light and the pumping light was set to linearly polarized at ±45° with respect to the polarizers. The rubbing direction of the sample was parallel to the polarization direction of the pumping light. The experimental setup was illustrated in Fig. [2](#fig02){ref-type="fig"}(b). The transmittance of probe light going through the sample was measured with a photodetector connected to the digital oscilloscope. Any changes in transmittance in response to the *trans-cis* photoisomerization of azo dye molecules in the sample could be measured by exposing the sample to pumping light.

Results and discussion
======================

When the recording light intensity at room temperature (27 ℃) was increased to 50 mW/cm^2^, the first-order diffraction appeared and disappeared after turning off the recording beams, i.e. dynamic holography was performed. Figure [3](#fig03){ref-type="fig"} shows the first-order diffraction efficiency as a function of heating time for the sample with the recording intensity of 260 mW/cm^2^. The chamber was heated for 36 s at 0.5 ℃ intervals from 27 ℃ to 45 ℃. A nearly 30-fold enhancement of the first-order diffraction efficiency was obtained when the chamber temperature was heated up to 34.8 ℃. As the chamber temperature exceeded 34.8 ℃, the diffraction efficiency decreased sharply to a stable value, which was smaller than that at room temperature. With a further increase of chamber temperature, the diffraction efficiency did not create any noticeable change. The typical self-diffraction patterns with chamber temperature variation are shown in Fig. [4](#fig04){ref-type="fig"}.

In the experiment, DR1 molecules were excited by recording beams and then performed photoisomerisation process. The photoinduced *cis* isomers in the bright regions of the light interference pattern are thermally excited back to *trans* isomers. *Trans* isomers end up with their optical axes perpendicular to the light polarization.^[@r10]--[@r23])^ The liquid crystals in the bright regions will be reoriented perpendicular to the unchanged liquid crystals in the dark regions because of the molecular interactions between DR1 molecules and liquid crystals. In order to study the temperature dependence of the diffraction efficiency, the 0th-order diffraction efficiency as a function of heating time is shown in Fig. [3](#fig03){ref-type="fig"}. It is noticed that the 0th-order diffraction efficiency is also seriously affected on the same temperature range and follows closely the behaviour of the first-order diffracted signal. It is well known that the transmitted power reaches its maximum value in the isotropic phase where light scattering is minimal. We can deduce the maximum first-order diffraction efficiency and the minimum 0th-order diffraction efficiency both occurs near the clearing point in nematic phase. The photoinduced grating based on the reorientation of liquid crystals should arise due to the modulation of the sample refractive index from *n*~*o*~ in the bright fringes to *n*~*e*~ in the dark fringes of the interference pattern. However, the optical anisotropy of nematic liquid crystals decreases as the sample temperature approaches the phase transition temperature. Therefore, the reorientation of liquid crystals cannot explain the diffraction efficiency enhancement near the phase transition temperature. The enhancement of diffraction efficiency indicates large variation of refractive index can be obtained. Because the condition Λ^2^ ≫ *d*λ holds, the diffraction is in the Raman-Nath regime. Under the condition the first-order diffraction efficiency at 34.8 ℃ is approximated by η ∼ (πΔ*nd*/λ)^2^ yielding Δ*n* ∼ 9.8 × 10^−4^. When the sample temperature is close to the clearing point in the nematic phase, the optical nonlinear effects of the sample are complicated due to the large variation of liquid crystal performance. The diffraction efficiency enhancement occurring in the sample near the phase transition is a critical effect, which is similar to the critical opalescence in fluid from a less ordered to a more ordered phase owing to a sudden increase in the fluctuations. Light scattering of the probe and recording beams become strong as the sample temperature approaches to the nematic-isotropic phase transition temperature. However, light scattering occurs in any possible angles while the diffraction can be observed only at angles which satisfy Bragg's equation. Besides, we found the diffraction in the experiment is sensitive to laser polarization while light scattering of the sample has no large variation with rotating laser polarization. Based on the experimental results, light scattering is not a prominent effect on the enhancement of diffraction efficiency near the phase transition. Figure [5](#fig05){ref-type="fig"} shows the polarizing photomicrographs of the sample. The sample was exposed to the CW Nd:YAG laser for 20 s at three different temperatures. As the sample temperature approaches to the nematic-isotropic phase transition temperature, the nematic microspheres gradually immerse in the isotropic phase.^[@r27])^ This process is accompanied by strong fluctuation of density and order parameter that could lead to large refractive index variation of the sample and enhance the diffraction efficiency of photoinduced gratings in DR1 doped liquid crystals.^[@r29])^

Figure [6](#fig06){ref-type="fig"} shows the first-order diffraction efficiencies as a function of heating time with different recording light intensities. There is a peak shift of diffraction efficiency towards the lower temperature with the increase in recording light intensity. The larger diffraction efficiency and shorter heating time to diffraction efficiency peak can be obtained by larger recording intensity. With increasing recording light intensity, the torque resulted from photoisomerization process azo dye become strong to reorient liquid crystals. When the recording light intensity increases from 65 mW/cm^2^ to 260 mW/cm^2^, the maximum diffraction efficiency increases from 3.8% to 8.2%. The variation of diffraction efficiency is enhanced with increasing light intensity when the sample is close to the clearing point in the nematic phase. As shown in Fig. [6](#fig06){ref-type="fig"}, the variation of heating time for diffraction efficiency peaks between 65 mW/cm^2^ and 260 mW/cm^2^ is about 5 s. As described previously, the heating rate of the chamber was controlled at 0.5 ℃/s. The temperature variation for diffraction efficiency peaks between 65 mW/cm^2^ and 260 mW/cm^2^ is about 2.5 ℃, indicating the increasing recording light intensity might result in the sample temperature variation. The sample temperature was precisely controlled by the temperature controller. Due to the large absorption at 532 nm, the fraction of *cis* states of azo dye molecules increases with the increase of the recording light intensity. The reaction of azo dye molecules reduces the order parameter of the nematic phase. We investigated the photochemical processes of the sample at different temperatures. By monitoring the change in optical transmittance of the sample in response to pump light exposure (Fig. [2](#fig02){ref-type="fig"}(b)), we could assess the perturbation of the liquid crystal order by the *trans-cis* photoisomerization of azo dye molecules in the sample.^[@r31])^ In Fig. [7](#fig07){ref-type="fig"}, the result shows the photochemical disordering is increased at elevated temperatures below the clearing temperature of liquid crystal. This effect is similar to the thermal effect.

Conclusions
===========

We have investigated the diffraction enhancement of photoinduced gratings in DR1 doped liquid crystals with homogeneous alignment. The first-order diffraction efficiency as a function of heating time can reach nearly 30-fold enhancement when the sample temperature is close to phase transition temperature. Laser induced photochemical disordering is discussed to explain the peak shift of diffraction efficiency with the increase of recording light intensity. The temperature dependent diffraction properties of photoinduced grating in DR1 doped liquid crystals may be the good candidate for application in thermo-optical sensor, optical switching and light beam modulation.
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![Absorption spectrum of nematic liquid crystals doped with 1 wt. % DR1. Inset: chemical structures of the compounds.](pjab-92-330-g001){#fig01}

![Schematic diagram of the experimental setup for (a) the temperature-dependent diffraction of photoinduced grating and (b) the measurement of photochemical processes. A: attenuator, BS: beamsplitter, M: mirror, P: polarizer, PD: photodetector.](pjab-92-330-g002){#fig02}

![0th-order diffraction efficiency (gray line) and first-order (black line) diffraction efficiency as a function of heating time and chamber temperature for the sample with the recording intensity of 260 mW/cm^2^.](pjab-92-330-g003){#fig03}

![Self-diffraction patterns with the recording intensity of 260 mW/cm^2^ at (a) 27 ℃, (b) 34 ℃, (c) 34.5 ℃, (d) 35.2 ℃, (e) 38 ℃.](pjab-92-330-g004){#fig04}

![Polarizing photomicrographs of DR1 doped nematic liquid crystals exposed to CW Nd:YAG laser (260 mW/cm^2^) for 20 s at three different temperatures (27, 34, and 34.5 ℃) below the clearing temperature of the sample.](pjab-92-330-g005){#fig05}

![First-order diffraction efficiencies as function of heating time and chamber temperature with different recording light intensities.](pjab-92-330-g006){#fig06}

![Change in transmittance vs time for the sample exposed to pump light intensities (260 mW/cm^2^) for 55 s at 27 ℃ and 30 ℃.](pjab-92-330-g007){#fig07}
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